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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE No, 1042

PERFPORMANCE TESTS OF WIRE STRAIN GAGES
IV — AXIAL AND TRANSVERSE SENSITIVITIES

By William R, Canpbell
BHMMARY

Results of calibrations to determine sxial and trans—

verse strain sensitivities are presented for 15 types of
single—-element, multistrand wire strain gages,

Average ratlos of transverse sensitivity, X., to
exial senesitivity, K, were found to be positive for 11
types of gages and K /K did not exeeed 0,028 for these
geges, Negative values 3f the average ratio Ki/K, rang-
ing from —0,007 to —0,063 were found for four types of gages,
The negative transverse sensltivity of one type of gagze was
ascribed to the geometry of the gage structure, Negative
transverse sensitivitles for the remalning three gages were
ascrlibed to the wire itself, The wires in these gages
were characterized by having a negetlve transverse sensi-—
tivity coupled with & relatively high axial strain sensi-
tivity,

INTRODUCTION

This report describes one of a serles of performance

tests on wire strain gages of types currently used in large____

numbers to measure stresses in alrcraft structures, The
purpose of the teste is to make avallable information on the
properties, accuracy, and limitations of various multistrand,
single—~element gages,

The performance test program has been divided into
seversl phases the results of which esre being reported
individually, The first three phases of the progrem have
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been reported in referencesli.to 3., The present pamer

reports on the fourth phase, determinations of axial

and transverse gage sensitivities. o
This investigation, conducted at the National Bureau

of Stendards, was sponsored by and conducted with the

financial a531stance of the National Advisory Commlittee

for Aeronautics, T

The author desires to acknowledge the cooperation of
the NACA Ames Aeronautical Laboratory, the Baldwin Loco-—
motive Works, the Boeing Alrcraft Company, the Chrysler
Corporation, the Consolidated Vultee ALlrcraft Corporation,
the Douglas Aircraft Compeny, the Lockheed Alrcraft Corpo—
ration, North Americen Aviation Incorporated, and Northrop
tircraft Incorporated in submitting test gages. The author
1s grateful for the assistance of members of the Engineering
Mechanics Section of the National Bureau of Standards, and
is particularly indebted t¢ Dr, Walter Ramberg for suggesi-—
ing the use of aluminuw alloy cudbes to vary the ratio of
transverse to axiasl straln and to Mr, Samuel Levy for the
analysis given in apvendix 1,

NOTATION

€ strain parallel to axis of wire strain gage

Aey change in strain ecg4

strain transverse to axis of wire strain gage

Acy change in strain €y

R resistance of gage, ohms
AR chasnze in gage resistance, ohus
K, axial sensitivlity of gage = calibration factor for

zero transverse strain, ohms per ohm per inch
per inch, '

Ky trensverse sensitivity of gage = callbration factor
for zero axial strain, ohms per ohm per inch
per 1inch

e Poisson's ratio
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K, celibration factor of gage for unlazxial stress incre—
ment producing a strain Ag¢p paraliel to the gage
axis and a straln -—pAeg transverse to the gage
axis, ohms per ohm per inch per inch,

K, calibration factor of gage for unlaxial stress incre—

ment producing & strain Ag transverse to the
gage axis and a gtrain LTSS parallel to the
gage axis, ohms per ohm per inch per inch

APPARATUS AND METHCD

Description of Strain Gages

Six aircraft companies, the NACA Ames Aeronautical
Laboratory, the Baldwin Locomoctive Works, and the Chrysler
Corporation contributed test gages of 15 different types
(A, B, ..., G, B=1, I, ..., 0), which in all but one case
are identical with the gage types reported in reference 1.
¥With the exception of gage type H—% which was substituted
by the maker for gage type H, table 1 of reference 1
gives a description of the test gages and figures 1 and 2
of reference 1 show the gages attached to strips used in the
calibrations at low tensile strains. Data on gage type H-1
are given in appendix 1 of reference 2,

Calibrations

The output, AR/R, of the gage was assumed to be e
linear function of the siralns acting along and trans—
verse to the gage axig, This assumption is supported by
the linearity of the experimentel data, as explained in
appendix 1,

The axial and transverse sensitivities K, and K¢
of the gages were reilated to gage output by

L8 = Wg(dea)+ Ky(les) (1)

and were calculated for esach gage from measurements of
unit change in gage resistance corresponding to known
changes in strains €, and ¢4. These strains were applied
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by placing the gags in a uniaxigl stress field first with
the axig of the gage parallel to the major principal strain
and secnnd with the axial transverse tco the uajor principal
strain, The wcsitioning of the gages in the stress field
wrns accomplished by attaching the gages to one pair of
narellel faces cf a dural cube that could be loasded in com-
nression between either pair of parallel surfaces upsn which
no gages were attached, In this manner equation (1) could
be written /or twe different retios of legto Aecgy,that is,

The expressions for evalusting k. and kit were derived
as follows, With gnmges attached teo a 3.5-inch cube. as shown
=zt the left in figure 1, and with the cube uniformly loaded
warallel to axis 1-1, equation (1) becomes,

/AR\ N
£ ) =K_(2e_ ) —uX (ac ) (2)
)1 a e t a -

since

Dividing equation (2) dy Ae_,

_(AR" 1 '
Ky -<§—)l X ren T Kag —uEg (2)

where X, 1s the calibratlion facter of n gage.for a uniexial
stresgs 1ncrement producing a change in strain A€, parasllel
to the gezge axis and a change in strain —phe,tr-nsverse to
the gage axis,

If the cube is now rotated 90% and leaded parsllel %o
axis 2-2 as shown at the right in figure 1, equation (1)
becaLes, .

L\

since
Ae, = —pAey (6)

Dividing equation (5) by Ag
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1
Eg =(ﬁ3>a X By =Ky —pKgy (73

Sclving equations (4) and (?) simulteneously for K, and K,

K.+ uk . {8)
Kg = —b—t—=—
1—-p2
Kt = E“-—-—————-—l: “'KJ_ (‘Q)
l-p=

Four values cf K, and K, were calculsted for esch gage
by substituting in equations .(4) and (7) measured v=zlues
of (AR/R), snd Aes obtained with the cude loesded parallel to
axis 1-1, and (AR/R)_, and A€t obtrined with the cube lcad—
ed perallel to axis 2—-2, Usinrng the experimentelly deternined
vslue of Polsson's ratio .for the cube

w = 0,342 (10)

values for Kg and Xi for each gage were calculated by
substituting in equations (8) and (9) average values of K,
and K_ for each gage, :

The unit changes in zege resistance (L:/R)l and
(AR/R) were measngd as the major principal strain was in—
creasei from —1X10 “to —15,7X1g™%,

Description of Cubes

Three cubes were used in the calibrations, and were
placed one on” top of another to form the column shown in
fizure 2, Wire gages were attached to the middle cudbe at
the center uo6rtion of two faces. Tach cube was machined
from a 4—inch square bar »f 248-T aluminum alloy and grcund
to 3.500 inches between parallel surfaces. The four load
bearing surfaces of the center cube end the adjocining sur—
faces of the end cube were lepped to obtain optical sur—
faces, flat within about 0,00002 inch,

Polsson'!s ratio for the cube and the strain distribution
on the two surfaces upon which wire strain gages were to be
attached were determined with TPuckerman strair gages with
the cube in each of its two loading positions, The stresin
surveys indicated linear variations in axial strein across
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the face of the column at the midsectiorn which did not

exceed 3 percent, Variations in transverse strain between

the upper and lower edges of the centear cube did not exceed
0.5 percent, During calibratirns errors due to nonuniform
strain distribution were minimized by calibrating the wire
gages individually and measuring locel streins with

Tuckermnan gages spanning the wire stresin gages., The four

load vearing surfaces of the cube were chosen parallel to

the axis of the bar from which the cube was cut sc that the
cube was always loaded transvsrse to the directicn of rolling,
The average axial strain and the averege transverse sitrain
over the face of the cube were measured with 2—-inch

Tuckerman strain gages for the strain inverval used in the
calibrations, The ratios of average transverse t¢ average
axial strains were

-0,341, —0,344

for the twe directicns of loading, respectively., The ratios
for strains measured with 2-inch Tuckerman sirain gages in
the center portion of the faceg to which the wire strain

gages were attached ranged from —0,334 to —0,347 and averaged,

This average value was assumed to hold for both lcading
pecsitions of the cube and was used in all wire gage
calculatiocns,

Strain and Resistance Measurements

The calibrating straia apnlied to each wire gage was
measured with a Tuckerman optical strain gage, The unlt
change in resistance of each gage during calibration was
reagsured with a Wenner—type ratio set in a direct—ecurrent
Wheatstone bridge, using a high-sensitivity movirg—-coil
galvanoneter as & null indicator, The construction of the
ratio set and its use in the bridge circuit tn measure
unit change in resistance has beer described in reference 1,
The voltazge drop across the gage during calidration was 0,75'
volt when the axis of the gage wes parallel to the major
principal strain, and 1.5 v-1t when the axis of the gage
was transverse to the major principal strain, The higher
voltage in the latter case served only iLu 22crcocse thro bridze
sensitivity for the measurement cf the decreassd gage out—
put under transverse loading,
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TEST PRQGEZDURE

Attachment of Gages

FPour gages of each type were calibrated., All gages
were attached at the National Bureau of Standards follcwing
the makers instructions., Gages were attached with bonding
cements supplied by the maker and were dried a total of 42
hours as follows: 18 hours at roscm temperature following
ettachment, 7 hours with the cube heated by radiation from
a €0-watt lamp to about 120° F, and 17 hours additional at
room temperature, No gages were waterproofed,

Tests

Two gages of & gliven type were attached to each of two
parallel gage surfaces of the ftest cube, which was then
loaded in compression in the positicn shown at the left in
figure 1, The laeboratory setup for the tests is shown in
figure 2, A Tuckerman strain gege was mounted on the cube
along axis A—4 (fig, 1) so as to span one of the four gages
and indicate the strain €n applied to this gage. The wire
gage spanned by the Tuckerman gage was connected 1in one arm
of a Wheatstone bridge which measured the unit change 1in gage
resistance (AR/n)1 resulting from a change in the applied ea.

The cube was flrst prelocaded to 190, 000 pounds o
(e, =—15.7 X 10“4)for three cycles of loading to reduce zero
shift in the gages (reference 1), Loads of 10,000, 190, 0CO,
and 10,000 pounds were then applied in succession, At each
load the Tuckerman gage was read at the instant of balance
of the Wheatstone bridge, The loading cycle was then re—
peated for an additional set of Tuckerman gage and dbridge
readings, From these measurements four values of K ,
eguation (4), were calculated for this gage: two for in-
creasing strein and two for decreassing strain, The remain-
ing gages on the cube were individually calibrated for KX,
values in the same manner, The Tuckerman gage was moved
from one wire gage to another and individusal gages were
connected in the Wheatstone bridge in turn,

Temperature compensating gages were not used in the
calibrations since the loading cycles, during which measure-
ments were made, required less than 3 minutes, and the mass
of the column was large enough to be insensitive to small
varlations in ambient temperature in this interval of time,
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Following the measurements of ({(AR/R), and A¢, on

each of the four gages, the cube was rotated 90° and loaded
as shown at the right in figure 1. The laboratory setup for
the tests is shown in figure 3. The Tuckerman gage was
mounted on the cube along axis B-B (fig. 1) so as to span
both wire gages on this surface of the cube and indicate the
strain ¢y apvlied to the gages. One of the gages was con-

nected in the Wheatsone bridge which measured the unit change
in resistance (AR/R)z resulting from a change in the strain
€y &applied to this gage. After three preloading cycles, the
cube was subjected to the same loading cvcles as before, and
at each load the Tuckerman gzge was read at the instant of
bridge balance. From these measurements four values of K,
equation (7),were calculated for this gage: two for increas-
ing strain and two for decreasing strain, The remaining )
gages on the cube were individually calivorated for X, val-

ues in the same masnner.

The axial sensitivity K; and the transverse sensitiv-
ity Kg were then calculated for eack of the four gages of
this type by substituting in equations (8) and (8) the aver-
age of the four values of X, and the average of the four
values of K; ,ottained for eachk gage.

RESULTS 4AKD DISCUSSICH

The axial and transverse sensitivities Kz and Ki as
defined by equation (1) are given in table 1 together with
the ratio Xt/Es for each gage., The guge tynes are »rranged
in table 2 in the or*er of increasing values of the average
ratio X4/K,, for each gage type.

The average ratio EKy/X,, which is a measure of the
response of a gage to trznsverse strzin relative to its

response to axial strain, ranged from —0.C63 for grges of
type G to +0,028 for grgesz of type F, The average ratios
Ki/K, were positive end did not oxceed 0,028 fcr 11 of the 15
types of grges. Negstive retios renging from —0C,007 tco
—~0,083 were found for four types of gzges (G, L, M, =and N),
Table 2 shows that the avarage retio Ki/Kyz for geges H-1,
J, A, C, =nd O were less than 0,003, s» that for grges of
these types the response to transverse strain wss less than
0.3 percent cf the response to axiel strein,

The average ratios Kt/Kgz measured for the different
gages are compared with theoreticrl ratios bessed on the
geonetry of the gage windings in figure 4,
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The theoretical ratic o:r the trrnsverse sensitlivity to the
axiesl sensitivity (¥) was taken as the ratic of the effec-—
tive length of transverse wire to the effective length of
longitudinal wire in each winding, The strain—sensitive

wire grids for all but one of the gages (X) could be rep—
resented by twe general grias shown in figure 4, a parallel
strand winding and a saw-—toothed winding, which ceculd be
divided into nominally straight wires 2nd semicircular locops,
For purposes of analysis the transverse sengitivity of each
sage was assumed to be due entirely tc the semicircular

locps at the ends of adjacent wire strands, Slanting of the
longitudinal wires in the saw—tcothed grids (gages A 2nd C
only) was ignored since, fsr small angles between these wires
and the axis of the gage, the slantlng contridbutes negligible
transverse effect compared to the loeops at the ends of
adjacent strands. Since the sum of the strains in zny two
perpendicular directione is constent, the average circuw—
ferential strain in the semicircular loop may be obtained by
splitting the lecop into two quadrsnts of a circle, one sub-
jected to a constant circumferential strain € , and the

cther to a constzant circumferential strain €4 . The effective
length of transverse wire W; 1ls therefore egual to half the
sum of the semicircular arc lengths in the grid,

Wwg = I (n-1) (11)
4

The effective length of longitudinal wire Wg is eguel tc
the sum of the straight wire lengths (ng+3a) plus the sun
of the remaining halves of the semicirceulear leops, The
theoretical ratio of transverse sensitivity to axial
sensitivity is

N = - 34 (n-1) . (12)

ng + Eg—(n—l) + 2a

FPigure 4 shows that with the exception of the points
involving negative values of K4/Kg (gages G, L, and N) the
points scatter about a faired curve through the origin, The
scatter is large, however, possibly due to differences in the
type of base paper, bonding cement, and straln—sensitive wire
used in the dlfferent gages in addition to inaccuracies in
the measurements of Xi/K, and (vy), Examination of figure 4
also shows that  the points lie below the line o¢of unit slope
(dotted) so that the measured ratios Kt/Ka were all less
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than the theoretical ratio (¥). This was ascribed to a de—
crease in the efficlency with which the boanding cement
transfers strain to wire in loops of small diameter, The
dotted polints in figure 4 include a correction for trans—
verse sensltivity of the wire for gages L and N, This
correction will be discussed below,

Gage' M, which also had a negative ratio Ki/E,, ies not
included in figure 4 since the expression for ¥ 1is not
applicable $o the winding in this gage, Gags M has a double.
layer of wires parallel to the surface of the gzage, and the
loops between adjacent upper and lower sgtrands are in planes
perpendicular to the surface of the gage; hence ¥ as de—

fined in equation (12) csannot apply. In all gages except M
the strain-sengitive wire was confined to a single plsne,

The negative transverse sensitivities found for gages
of type M were belleved to be due to the geomeitry of the
strain—-sensltive winding, The upper and lower layers of
wire, separated by bonding cement and a thickness of paper,
form a smell structure which contracts in the direction
normal to the surface of the gage when the gage is subject—
ed to & transverse tpnslle strain and zero axial gtrain,
The coantraction produces a compressive strein iIn the loops
of wire between the ends of the upper =snd lower strands,
which, in turn, decreases the resistance of the wire in
these sections and leads to negative transverse sensitivity

K¢ (equation (1)), ™The transverse sensitivity of a gage with
this type of winding ("wrap-around") may be negative,

however, only so long as the unit change in gage resistance
due to the afore-—mentioned action of the loops exceeds the
nnit change in gage resisgstance due to the positive effect
of the transverse projections of the longitudinal wires
which result from spacing suecessive turns, The transverse
sensitivity of a gage of type M was sctually changed from

& negative to a:positive value by removing one gage length
of the outside wire strand from its usual position and re-
winding this length trangverse to the gage axis, This
effect may be utilized for winding gages similar to typse

M which are insensitive to transverse straln, provided it
is possible to wind them 1n a sufficiently uniform manner,

The negative transverse sensitivities found for gages
of types G, L, and N were surprising since these gsges all
have parallel strand grids (sketeh at left in fig, 4) with
relatively large loops, which should presumably produce
positive transverse sensitivitiegs, These three gzge types
differed from other gages primarily in the type of strain-

S
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gsensitive wire used in the grid windings, Chromel, Chromel
HC"  and iso—elastic wires were used in gages G, L, and N;
whereas a2ll other gages were wound with advence wire or with
wires having strzin sensitivities near that of sdvance,

On the basls of the strein survey mede on the cudbe, and
with the known accuracies of the Tuckermen gage and the
Wenner ratlo set, it was estimated that the calibration
factors "X, and X_ "in equations (4) and (7) were each
accurate within *(¢.5 percent, and that Polsson's ratio of
the cube was known within 1 percent, The values of ¥ ; and

Ky in table 1 were therefore estimated to be correct within
8Ky ¢ =:0.01, ané the ratio Ky/Ks correct within
A(Ry/E,) = £0,005, The average ratios Xi/K, found for gages

G, L, and N were —-0,063, —-0.007, and —-0,027, resspectively,
which differ from zero by more than the estimated maximum
error of %0, 0C5,

Additional calibrations were made on gages of types 1L
and N, 2nd were attempted on gages of type G, to check the
reproducibility of results. In the case of gage G it was
doubted that the average ratio XKi/¥p of —0,CR3 was represent—
etive of the gage in view of the large varilation in the
ratios for the individual geges of this type {-0.009 %o
—0.142, tadle 1), The average ratio —0,063 could hot be
checked becsuse of erratic changes in the resistences of
the gages on which additional calibraticns were attempted,
The aversge retios found for four additional gzges each of
t¥pes L and ¥ were —0,008 and —~0.027 (table 1), which agree
ealmaost eXactly with the wvalues —0,007 and —-0,027 givan in
table 2 for these gages,

Czlibrations were then mede on single strand gages
(fig, 5) made up of strsin-sensitive wire removed from
gages of types G, L, and N and on single strand gages using
new advance wire, The advance wire was inciuded as rep—
resentative of all gages which ghowed positive values of
Kt. The results of these calibrations are =ziven in tadble 3,

The average ratio "Ey/Kg for the advance wire was +0,001;

whereas the average ratios for the single wires from gsges
G, L, and ¥ were —0,022, —-0,017, and —0,040, respectively.
The ratios for wires G, L, and N were observed to be not
only negative but two of them, I end N, were of larger
magnitude than the XKy/K; ratios found for the types of
gages from which the wires were removed, Also the single
wires from gages of type ¢ showed only small varlations in
K,, Ky, and K{/K,, indicating that the large variations
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encountered with gages G were probably due to gage con—
struction, The results of the calibrations on single wires
suggested that the geometry of the grid windings in gazes
L and N actually prcduced =z positive transverse sensitivity
B which was obscured by a negative transverse sensitivity
of the wire, The lsst column in tedle 3 zives the difference
between the average ratio Kt/Ky, for the complete grge and
the average ratio for the single wire, This difference was
taken a2s the rstio dus to the geometry of the gage windings
and was plotted as a dotted peint in figure 4, Examinstion
of figure 4 shows that the dotted points for gages L and N
fit the curve considerably hetter than the solid points
involving the true ratios,

The trensverse sensitivities #nd the retios of trans—
verse to axial sensitivities for single wires cf iso—
elastic, chromel, advance, and manganin are plotted egainset
the axial sensitivity in figure 6, 4 saooth curve could be
rlotted for the wires with axial sensitivities sxceeding 2;
. the point frr the mangesnin wire with an axial sengitivity of
only 1 was far removed from this curve,

The pronounced negatlive transverse strain sensitivity
wires with axial sensitivities well above 2 is an interaste
ing experimentsl phenomenon which shouwld be investigated
further in order to explain the fundauwental nature of
strain sensitivity of flne wires,

Attenticn should be called to the possibilisy of
utilizing the negatlive transverse gensitivity »f wires
such as iso—-elastic or chrowel for winding rwultistrand
zeges which are insensitive to transverse strain by making
the lsongs between adjacent wire strands in these gages of
such diameter as to compensate for the negative trans—
verse sensitivity of the wire,

At the present time the wrlter has no explanation
for the negative transverse sensitivities found for iso-
elastic, chrciel, and menganin wires when attached to
structures under combined strain, Anong the variabhbles
which might in some manner produce the negative values of
the transverse sensitivity, Ky, mey be considered:

1., Variations in gage current
2. Lack of tem .arature conpensation

3. Differences in bonding
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4, Resigtance changes due to thermal effects
accompanying deformation of the gage wires

Check calibrations were made on gage N with differ—
ent bridge voltages (i.,e,, gage currents) with and without
temperature ccecmpensation, The values of XK, and Ey odtained
showed no significant change with voltage {0,.75 t» 1.5
volts) and were the same with and without temperature
compensation,

The procedures for bonding the different wires in the
tests of the single strand gages were identical; hence the
various sensitivitles appear to be a nroperty of the wires
rather than of the bond,

A computation on the assumption that all the strein
energy in the gage wires 1s converted into heat indicates
a temperature rise of the order of 0.1° F for a strain of
0. 0015, The energy actuslly available for conversion into
heat is only a small fraction of the strain energy end hence
would produce & negligible change in temperature,

CONCLUSIOCIS

Calibrations on the 15 tyves of ganges included in
the program showed average ratios of transverse sensitlv—
ity K4 to axial sensitivity K, which were positive and did
not exceed Kiy/Kg =0,028 for 11 types of gages, The average
ratio Ki/E; d1d not exceed 0,002 for gages A, C, B-1, J, '
and 0 in this group,

The average ratio Ki4/Kp was found to be negative for

four types of gages (G, L, M, and N), The negative trans—
verse sensitivity of gage M was ascribed to the geometry
of the gage structure and grid winding, Calibrations on
single strand gages constructed with straln-sensitive re-—
noved from gages of types G, L, anl N shcwed that the
negative transverse sensitivities of gages G, L, snd N
were due to characteristic negative trsnsverse sensitiv-
ities of the wires, These gages were wound with chromel,
chromel "C", snd iso—elastle wires which had relatively
high axial strain sensitivities (2.4 to 3.,4); whereas
all other gages were wound with advance wire, or wire
having a strain sensitivity near that of advance (2, l),

which showed no significant trensverse sensitivity,
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The presence of negative transverse sensitivity in
single strand gages deserves further study to explain
the fundamental nature of strain sensitivity in the fine
wires,

It is suggested that the negatlive transverse sensitiv—
ity characteristic of certain types of wire may be utilized
to wind multlistrand gages with gero transverse sensitivity;
in these gages the negative transverse sgsensitivity of the
wire would be compensated by introducing an equal amoun® of
positive transverse gsengitivity wlith end loops of the
proper diameter,

National Bureau of Standards,
Washington, D, G, Cctober 31, 1945,
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APPENDIX 1

Derivation of Equation (1) from Linearity
of Experimentsl Data

Assume to begin with that the output of the gage 1s
some analytical function of the axial and transverse sirains,
Expanding this function in the form of a Taylor serles gives:

AR _ pc_ + Bey + © s De_. €, +E €% + (13)
R T #€a € €a a ¢ t t...

The straing €~,and € in the present callbrations are re—
lated for the two directions of loading on the cube by

Y

m
i
i

le (14)
n

and equation (13) may be written

N
BB = €a(A - Bu + O —Dufp + B 4 ..
- 1
N\ ' (15)
<%E, = Eg(—Au + B + GpaEt — Dpegy + Beg +...
= /2

or

AR &
= €a (A - uB) + Ea(C—uD"‘uaE)"'---)

i
"l
o

(16)

)

<

N
b

5 :
€t (~pA + B) + €.(p®C - pD + E) + ...

J

R

Since it is known that to a high degree (AR/R), and
(AR/R)_ are linear with €, and€;, respectively, for the
two testing conditions, it follows that the coefficients
of the nonlinear terms in equatiocn (16) mnust be equal to
Z8ros
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C —uD + pZ2 = 0
. (17)
# C—pud + B =0

It is mathematically possible to satigfy these equations
by values of C, D, E, .., which are different from zero,
However, this leads to an improbable type of function (13),
It is far more probable that (17) is satisfied by having
all aunlinear coefficients iIn (13) equal to zZero:

C=D=E=,,, =0 (18)

A definite proof of equation (18) would require calibretions
under coimbined strain such that the ratio €5/€t is variable
over a wide range,
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TABLE 1.~ RESULTS OF CALIBRATIONS

Qage | Gage| Resist- Kl Ky Average
type| No.| ance, R| (equa- (equa- Kg Ky | X¢/Ka | K4/Eg
(obms) | tion (4)) | tion (7))
A 1l 118.2 2.008 -0.688 2.008 | 0.002} 0.001
2 118.1 2.044 -.684 2.048 .006 .003
3 114.7 2.087 -. 707 2.068 001 .000
4 114.2 2.079 -.705 2.081 .006 .003 0.003
B 1 99.7 2.146 -.724 2.150 011 .0054
3 899.9 2.134 ) -.719 2,138 | .012 .006
3 99.9 8.123 -.702 2.130 .031 .010
4 99.7 2.118 -.712 2.123 .01l4 007 -.007
B* 5 99.9 2.119 -.714 2.133 012 .0086
8 99.8 2.127 -.713 2.133 016 .008
? 99.7 2.191 -.750 2.1281 .001 .000 .
8 99.8 2.109 -.707 2,115 .016 .008 008
0 1 80.0 2.050 -.701 2.050 .C00 .000
F] 91.0 2.048 -.692 2.048 .008 .004
3 87.3 3.042 -.695 2.043 .004 .002
4 88.9 2.044 -.693 2.046 .00%7 .003 .002
D 1 119.9 2.069 -,683 2.078 .028 .013
2 119.3 2.069 -.682 2.078 .0239 .014
3 119.4 2.070 -.683 2.080 .038 .013
4 119.4 2.078 -.881 2.090 .034 .0l1l6 014
E 1 399.5 2.158 -.716 2.167 .028 .0138
3 398.9 2.110 -.701 2.118 .023 .011
3 399.3 2.121 -. 708 2.128 ) .020 .009
4 399.7 2.144 -.712 2,152 .024 .011 011
F 1 119.9 2.019 -.638 2.039 .080 .029
1 119.8 2.018 -.641 2.037 .056 .037
] 1I8.9 2.025 -.541 2.045 .058 .029
4 120.0 2.024 -.640 2.044 .059 .029 .038
e] 1 120.6 2.263 -.792 2.256 | -.020| -.009
] 120.1 3.330 -.211 2,375 -.133| -.088
3 130.3 2.0823 -,793 2.0621 -.088| -.043
4 130.8 1.882 -.86% 1.795] -.265] -.142 -.063
H-1 1 119.9 2.058 -.698 2.080 ..0086 .002
3 120.2 8.035 -.895 2.035 .001 .000
3 120.23 2.013 -.5688 2.013 .000 .000
4 120.1 2.038 -.680 2.041 007 .003 .00L
I 1 120.2 2.139 -,732 2.143 011 .005
8 120.0 3.145 -.717 2.152 .01g .009
3 119.0 2.150 -.718 2.1586 .019 .009
4 120.2 2.155 -.719 2.162 .024 .011 .008

¥ Four additional gages calibrated to check for reproducibility of rasults.
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TABLE 1.-(Continued)
Average
. Gage Gage | Resist- Ky Eq Ke| Ry |Kg/Eg K /Kg
type No. ance, R ( equa~— ( equa~—
(ohms) | tion (4)) | tiom (7))
J 1l 300.0 3.084 -0.713 2.095 | 0.004| 0.002
3 299.8 3.091 © =.713 2,093 .002 . 001
3 300.0 2.090 -.713 2.081 .003 . 001
4 300.83 2.068 -.708 2.068 .000 .000 0.001
K 1 50.1 2.152 -.718 2.1680 .0223 .010 .
-] 50.1 2.182 -.733 2.203 .031 014
3 50.0 2.132 -.708 2.140 .025 .012
4 50.1 2.145 -.710 2.154 .037 .013 012
L 1 130.7 2.333 -.808 3.318 | -.013} -.008
g 118.8 2.316 -.811 2.309 | -.022} -.010
119.86 2.373 -.791 2.267 | -.016] -.007
4 119.6 2.316 -.830 2.311 | -.013] -.008 -.007
B L & 118.8 2.244 -.778 3.2840 | -.012| ~.005
8 112.9 2.286 -.805 3.377 ) -.026| -.011
7 118.1 3.294 -.802 2.287 | -.020]| -.009
. 8 118.2 2.283 -. 797 2.377 | -.018| -.008 -.008
M 1 112.1 1.941 -.880 1.934 | -.018] -.010
8 118.4 1.934 -.673 1.930 { -.012] -.006
3 118.0 1.948 -.678 1.944 | -.013| -.007
4 118.1 1.980 ~.883 1.878 { -.007| -.004 -.007
M+ 5 120.2 1,976 -.685 1.873 } -.010} -.005
(= 112.8 1.233 -.869 1.930 | -.008{ -.005
7 120.3 1.933 -.67% 1.982 | -.016] -.008
8 120.3 1.963 -.8677 1.961 | -.008] -.003 -.005
N 1 501.9 3.435 -1.2347 5.408 | -.083} -.024
3 500.9 3.437 -1.353 3.408 | -.086] -.025
3 501.5 3.368 -1.345 3.333 | -.105] -.032
4 500.1 3.337 -1.238 3.357 | -.000| -.037 -.037
N* B 501.7 3.401 -1.255 3.366 | -.104| -.031
e 501.3 3.437 -1.250 3.409 | -.084]| -.025
. 4 502.9 3.443 -1,356 3.413 1 -.089f -.0286
8 500.8 3.397 -1.244 3,368 | -.093] -~.087 -.037
o 1 100.1 2.088 -.718 2.098 .008 .003
N ] 100.4 [.103 -.713 2.105 .007 .003
3 100.2 3.098 -.712 2.100 .006 .003
4 99.9 2.083 -.710 2.084 .003 .001 .003

* Four additional gages callbrated.to

check for reproducibility of results.
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TABLE 2, - SEQUENCE OF

oF

GAGTS IN ORDER OF INCREASING VAI
AVERAGE RATIO K /K,

ro—
s

3

19

Gage
type

Averagel
Ky /X,

o

HRBrHWOOQOPY | HEZEO
| s

—0.,063
~.027
-. 007
~. 007

.001
. 001
. 002
. 002
. 002
.C06
.008
.011
.012
.014
.028

1From table 1.



TABLE 3. RESULTS OF CALIBEATIONS OF SINGLE STRAHD GAGES®
) ) kt\‘ n Avergﬁes gifferen%: of averages
Wire remaved| Wire Ge Resist- X K <.~— K ™\ £ £
from gages alloy Hcfe ance o b Ko % "\""/; ("“ ) (""\. - ('“"\
of type (ohms) Ky /W[ NKp/ B INE /g \E /W
1 20.4 2.542 |-0.084 [-c.021
G Chromel | 2 20.5 2.55% | -.060 | -.023 |-0.022 | - -0.0ln
(0.0024c) 3 20.2 2.561 | -, 05T | ~-.023
b 20.5 2,561 | ~.052 | -,020
1 92.4 2.433 | ~.045 | ~.018
2 93.7 2.l | -.046 | ~.019
L Chromel C} 3 91.2 2,2 | ~.040 | -.017 | -.017 | =0.007 +010
(0.0054n.] 4 93.9 2.02 | -.0k2 | ~.017
5 91.0 2.3 | <02 | -.017
Iso~ | 1 120.2 7,496 | ~.138 | -.038
N olastic | 2 121.3 3.509 | -.180 | -.040 | _ oup -, 027 +.013%
(0.005 in.) a 122.5 3.5 | -1l | o-.0W
118.0 7000 | ~.137 | ~.040
1 he .5 2,139 | ~.004 | -.002
2 ug.ﬁ 2.133 | ~.001 -,000
- Advsnce a u1. 2,145 | +.004 | +.002 | +,001 _— —
(0.001 ix,) Y2.5 | 2.143 | +.005 | +.003
5 i, 8 2.148 | +.007 | +.003
6 42.2 2.146 | +.002 | +.001
1 4,3 .98 -.014 | .00k
- Manganin | 2 Lh.1 .984 | ~.Q12 | ~.0L2 | -.012 | ~- —
(0.001 in.) a W0 982 | -.011 | -.011
L5, 4 992 | -.023 | -~.013

1
Subgeript w denotes value for single strand gage. Subscript g denotes value for complete gage of type
from which wire wee removed to construct single strand gage.
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Figure 1,~ Test cube, showing looation of wire gtrain gages and

' - loading positions of cube during calibrations. Two
wire strain gages were also attached to the surface opposite the
surface shown. Tuckerman strain gage locationg during calibration

are indicated by A-A and B-B,
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Figure 2.~ Laboratory setup for determining X, (Eq. &%),
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Figure 3.— Laboratory setup for determining Ko (Eq. 7).
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Figure 4,- Comparison of theoretical and experimental values of the ratio ‘t/xa. R
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Figure 6.~ Curves of K. /K, and K¢ vs. Ky for different
types of strain-sensitive wire.



